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Abstract 

The  current  article  displays  the  possibilities  of  borohydride  reduction  method,  carried  out  at  room  temperature  and  ambient  atmospheric 
condition,  to  be  a  technological  process  for  large  scale  production  of  Cu6Sn5  nanoparticles.  This  composition  is  very  attractive  recently  via 
anode  material  in  secondary  lithium  batteries.  The  content  changes  of  prepared  nanoparticles  depend  on  the  initial  ratio  of  metal  salt  solutions 
and  the  concentration  of  complex  forming  agent  used.  One  hypothesis  is  draw  out  on  the  basis  of  experimentally  analyzed  content  of  electrodes, 
interrupted  at  various  potentials  of  the  first  charge  cycle:  690mV,  540mV,  200mV  and  10mV.  Thus,  the  good  life  cycle  of  these  nanoscale 
systems  is  a  result  of  an  intercalation  of  lithium  occurring  during  phase  transition  from  hep  to  fee  of  the  lattice. 

©  2005  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

In  recent  years,  many  authors  [  1—9]  have  been  working 
upon  alternative  anode  materials  for  secondary  lithium  bat¬ 
teries.  Different  metals  (Al,  Pb  and  Sn)  and  intermetallic 
compounds  as  CuriSns,  Sn-SnSb,  Ni-Sn,  SnAg  and  SmFe-C 
have  been  investigated  as  potential  perspective  anode  mate¬ 
rials,  and  some  of  them  possess  higher  specific  capacity  than 
the  one  of  the  applied  up  to  the  present  graphite  and  other 
carbon  materials.  However,  the  problems  with  the  volume 
changes  resulting  from  the  phase  transitions  have  not  yet  been 
solved. 

In  1999,  Kepler  et  al.  discovered  that  lithium  could 
be  intercalated  into  the  Cu^Sns  alloy  forming  the  system 
LiACuf)Sri5  [1],  Thus,  this  is  a  material  with  a  theoretical 
gravity  capacity  of  about  350  mAh  g~ 1 ,  and  with  significantly 
higher  volume  capacity,  corresponding  to  1656  mAh  ml-1 ,  in 
comparison  with  the  commercial  LiC6  [1]. 
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According  to  Ref.  [2],  the  reaction  of  lithium  insertion 
into  the  copper-tin  compound  proceeds  in  two  stages.  At  the 
beginning  lithium  is  intercalated  into  the  hexagonal  lattice 
(NiAs-type  structure,  P63/mmc)  of  the  initial  Cu^Sns  alloy 
to  the  phase  LiACu(,Sn5.  The  same  is  an  Ao-structure  of  the 
cubic  symmetry  phase  LECuSn  (Cu2MnAl-type,  Fm/3m). 
The  authors  have  experimentally  clarified  that  more  pre¬ 
cisely  and  stoichiometrically  expressed  this  is  the  phase 
Li2.17CuSno.83-  The  second  stage  of  the  intercalation  pro¬ 
cess  of  Li  into  the  compound  leads  to  a  “disordered”  LLuSn 
phase — a  process  joined  by  the  separation  and  observation  of 
nanoscale  grains  of  Cu  [2]. 

Yang  et  al.  [3]  propose  the  preparation  of  anode  mass 
for  lithium  batteries  with  content  Sn  and  Sn-Sb,  combin¬ 
ing  microsized  powders  with  nanosize  particles  obtained  by 
the  borohydride  reduction  method  from  aqueous  SnSbo.14 
solutions. 

In  a  subsequent  work,  Yang  et  al.  [4]  started  to  use  only 
nanosize  particles  but  with  different  dispersion,  from  the  Sn 
and  Sn-SnSb  contents,  which  were  again  obtained  by  the 
borohydride  method.  They  achieve  the  best  charge  capacity 
for  the  intercalation  of  1.6  mol  Li  per  mol  active  material  for 
the  above-mentioned  content. 
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By  using  the  same  low  temperature  synthesis  and  reduc¬ 
tion  with  sodium  borohydride  of  copper  and  tin  aqueous  salt 
solutions  Kim  et  al.  [5]  synthesized  Sn-Cu-B  alloy,  which 
they  investigated  as  anode  for  secondary  lithium  batteries. 

According  to  them  [5],  the  cycleability  of  a  Cu6Sn5 
electrode  synthesized  as  nanoscale  material  is  significantly 
enhanced  in  comparison  with  the  properties  of  the  same  mate¬ 
rial  prepared  by  sintering  or  mechanical  alloying. 

Our  team  has  significant  experience  in  the  synthesis,  char¬ 
acterization  and  use  of  nanosize  materials,  including  those, 
prepared  by  the  low  temperature  borohydride  (BH)  method, 
which  comprises  the  use  of  aqueous  solutions  of  metal  salts  or 
complexes  with  sodium  borohydride  reductor  [6-8].  Lately, 
we  have  been  actively  engaged  in  the  development  of  inter- 
metallic  nanoscale  systems  and  their  production  and  appli¬ 
cation  in  electrochemical  power  sources,  while  we  also  have 
paid  attention  to  the  system  CusSns  [9],  The  current  work 
aims  at  displaying  our  possibilities  for  refinement  of  the  syn¬ 
thesis  in  order  to  achieve  maximum  precision  of  the  chemical 
content,  together  with  high  reproducibility  by  form  and  size 
of  the  obtained  nanoparticles.  Another  aim  was  to  qualita¬ 
tively  and  quantitatively  follow  this  nanosystem’s  lithiation 
mechanism  and  to  observe  its  possibility  as  anode  material 
for  secondary  lithium  batteries. 


2.  Experimental 

The  BH-method  synthesis  proceeds  in  a  regime  of  ideal 
mixing  of  two  solutions.  One  of  them  contains  dissolved 
metal  ions  in  given  ratios  and  the  other  one — sodium  borohy¬ 
dride.  The  precursors  are  the  copper  and  tin  salts  CuCL^H^O 
and  SnCl2-2H20,  respectively.  NaBkLj  was  used  as  reducing 
agent  and  sodium  citrate  was  the  complex  forming  agent  one. 
The  pH  values  of  the  initial  solutions,  of  the  solution  after  the 
carried  out  synthesis  and  of  the  filtrate  after  separation  of  the 
synthesized  nanoparticles  are  determined,  as  well  as  the  pH 
of  the  filtrate  after  their  continuous  washing  with  distilled 
water.  After  precisely  removing  the  anions,  the  pure  precipi¬ 
tate  is  washed  out  with  ethyl  alcohol  and  is  dried  in  a  vacuum 
drier. 


Syntheses  with  various  ratios  of  the  two  metals  and  dif¬ 
ferent  quantity  of  the  applied  complex  forming  agent  were 
also  carried  out.  In  order  to  meet  the  needs  of  comparative 
determinations  and  evaluations  pure  nanoparticles  containing 
only  tin  or  only  copper  were  also  synthesized  by  BH  method. 
Table  1  presents  data  for  all  nanoparticles  subjected  to  physic¬ 
ochemical  and  electrochemical  characterization,  and  to  the 
discussions  in  the  current  work. 

The  boron  quantity,  which  does  not  exceed  0.15  wt%  in 
all  samples,  was  analytically  determined.  The  specific  surface 
area  is  determined  by  the  BET  method  and  the  obtained  values 
for  the  synthesized  Cu^Sns  particles  are  in  the  range  from 
25  m2  g_  1  to  42  m2  g~ 1 . 

Philips  APD-15  diffractometer  was  used  for  the  routine 
X-ray  diffraction  tests.  SEM  investigations  were  carried  out 
with  an  electron  microscope  JEM  200  CX  of  JEOL,  Japan. 
The  copper  and  tin  quantitative  content  in  the  synthesized  ini¬ 
tial  powders  is  determined  with  X-ray  microanalyzer  JEOL 
Superprobe  733.  With  this  piece  of  equipment  we  performed 
an  investigation  of  the  distribution  throughout  the  phases 
as  a  composition  (in  COMPO  regime,  EDAX)  of  the  elec¬ 
trode  samples,  which  underwent  electrochemical  lithiation. 
We  tried  to  estimate  for  these  samples  the  quantity  of  interca¬ 
lated  lithium  at  the  different  regimes  by  analyzing  the  heavy 
atoms  bonding  with  lithium,  atom  with  atom,  as  a  compound 
in  the  working  electrolyte.  We  intend  to  improve  and  develop 
this  set  of  methods  especially  for  investigation  of  membrane 
electrodes. 

The  electrode  mixture  is  prepared  by  the  synthesized 
nanoparticles  and  teflonized  acetylene  black  TAB-2-30%. 
Initially,  the  mixture  is  dispersed  in  a  liquid  medium  of 
organic  solvent,  and  then  it  is  dried  in  a  vacuum  at  60  °C 
temperature.  From  the  dried  powder-like  mixture  a  paste  is 
prepared  with  propylene  carbonate  (PC)  or  /V-mcthyl  pyroli- 
don,  it  is  pasted  upon  a  copper  plate  15  mm  in  diameter  and 
is  pressed.  The  prepared  electrodes  are  dried  in  vacuum  at 
temperature  up  to  60  °C  for  2  h. 

In  Fig.  1(a),  the  surface  of  the  thus  prepared  electrode 
is  observed,  and  in  Fig.  1(b)  the  cross-section  of  the  same 
electrode,  prepared  by  Cu^Sns  particles  according  to  the  syn¬ 
thesis  and  denoted  with  number  #2257  in  Table  1 ,  can  be  seen. 


Table  1 

Experimental  date  of  synthesized  Cu^Sn^  nanoparticles  by  BH  reduction 


Sample  # 

Synthesis  # 

Complex  citrate 
(g  (100  ml)-1) 

Analytical  results 

Cu  (at%) 

Sn  (at%) 

Ratio  Cu/Sn 
(at%  vs.  at%) 

XRD  spectra 

i 

2256 

- 

- 

100 

- 

Fig.  2(a) 

2 

2273 

- 

100 

- 

- 

Fig.  2(f) 

3 

2250 

- 

- 

- 

1.20a 

Fig.  2(b) 

4 

2320 

2.94 

56.83 

42.00 

1.35 

- 

5 

2321 

5.88 

58.75 

41.25 

1.42 

Fig.  2(d) 

6 

2322 

8.82 

58.66 

40.75 

1.44 

- 

7 

2326 

5.88 

61.15 

38.85 

1.57 

Fig.  2(e) 

8 

2327 

5.88 

54.47 

44.36 

1.23 

- 

9 

2316 

2.94 

56.44 

43.56 

1.29 

- 

10 

2257 

2.94 

55.99 

47.01 

1.27 

Fig.  2(c) 

This  is  a  ratio  between  atomic  percent  of  metals  of  initial  salts  solutions  for  the  BH  synthesis. 
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Fig.  1 .  (a)  SEM  morphology — a  surface  of  the  electrode  prepared  from  sample 
the  electrode  prepared  from  sample  10  (synthesis  #2257,  Table  1). 

The  electrodes  are  tested  in  laboratory  electrochemical 
cells  from  the  type:  Li//1  M  UCIO4,  PC/EC  (1:1  )//C u^Sn^ 

The  cells  are  cycled  in  galvanostatic  mode  at  current  densi¬ 
ties  C/10  and  in  the  potential  range  from  1.3  V  to  0.01  V,  the 
reference  electrode  being  Li/Li+.  The  qualitative  and  quan¬ 
titative  phase  changes  of  the  electrode-composite  during  its 
lithiation  in  the  first  cycle  are  followed  at  selected  different 
potential  levels  up  to  0.680  V,  to  0.54  V,  to  0.2  V  and  to  0.01  V, 
respectively. 


3.  Results 

3.1.  Synthesis  of  different  composition  CuxSny 
nanoparticles 

Table  1  presents  the  various  contents  of  CurSnv  nanopar¬ 
ticles  synthesized  by  the  borohydride  method.  When  sodium 
citrate  in  different  concentrations  is  used  as  complex  form¬ 
ing  agent  it  is  possible  to  obtain  CutSnv  nanoparticles  without 
oxides  or  other  unwanted  impurities — samples  5, 7  and  9.  The 
increase  of  the  complex  forming  agent  concentration  (sam¬ 
ples  4-6)  while  preserving  the  tin/copper  ratio  in  the  initial 
solutions  has  a  selective  effect  on  the  concentration  of  the 
cations  participating  in  the  reduction  process  and  also  leads 
to  increase  in  the  copper  content  and  decrease  in  the  tin  one 
in  the  synthesized  nanoparticles,  due  to  the  bonding  of  tin  in 
a  complex. 

On  the  other  hand,  when  preserving  a  constant  concentra¬ 
tion  of  the  complex  forming  agent  it  is  possible  by  correction 
of  the  ratio  between  the  copper  and  tin  salts  to  obtain  nanopar¬ 
ticles  with  varying  content  from  the  ratio  Cu/Sn  =  1 .23  to  1 .42 
or  1.57  for  samples  #8,  5  and  7,  respectively.  Impurities  from 


10  (synthesis  #2257,  Table  1)  and  (b)  SEM  morphology — a  cross-section  of 

oxides  were  analyzed  for  the  samples  #4,  6  and  8,  reaching 
about  1%. 

From  the  presented  in  Table  1  data,  it  is  obvious  that 
the  low  temperature  method  of  nanoparticles  synthesis  using 
sodium  borohydride  for  the  reduction  of  metal  aqueous  salts 
solutions  is  a  technology  for  the  production  of  Cu^Sns 
nanoparticles.  Via  this  technology,  we  can  well  control  the 
content  and  highly  reproduce  by  size  and  shape  the  nanopar¬ 
ticles.  It  is  clear  that  the  technique  (see  Fig.  l(a  and  b))  for 
electrodes  preparation  and  their  subsequent  standard  charac¬ 
terization  is  also  reliable.  The  performed  comparisons  on  the 
synthesized  particle  size  according  to  the  determination  of 
their  specific  surface  area  (SSA)  and  via  patterns  made  with 
TEM  and  SEM  tests  displayed  a  fair  correspondence  into  the 
range  of  20-45  nm. 

3.2.  XRD  investigations  of  CuxSny  nanoparticles 

A  series  of  X-ray  diffractions  are  presented  in  Fig.  2 
and  the  spectra  of  a  pure  tin — Fig.  2(a)  and  of  a  pure 
copper — Fig.  2(f),  synthesized  by  the  borohydride  method, 
are  given  for  comparison.  In  case  of  synthesis  with  selected 
copper/tin  ratio  1.20a  as  with  the  Cu^Sns  alloy  in  Fig.  2(b 
and  c),  the  effect  of  the  complex  forming  agent,  which  com¬ 
plicates  and  decreases  the  content  of  the  tin  free  phase,  can 
be  observed. 

When  using  one  and  the  same  complex  forming  agent  con¬ 
centration  the  increase  of  the  copper  content  from  ratio  1 .42 
(Fig.  2(d))  towards  1.57  (Fig.  2(e))  leads  to  the  appearance 
of  the  phase  eCu3Sn. 

Precise  XRD  investigations  were  carried  out  [5],  including 
by  us  [9]  for  that  system  on  the  phase  transitions  pass  during 
long-term  cycling. 
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Fig.  2.  XRD  spectra  of:  (a)  pure  Sn,  (b)  #2250,  (c)  #2250,  (d)  #2321,  (e) 
#2326  and  (f)  #2273. 


3.3.  Effect  of  the  lithiation  upon  the  morphology,  phase 
and  composition  changes  in  Li„  CuxSny  electrodes 

The  dependence  of  voltage  versus  specific  capacity  for  the 
first  cycle  (Li  insertion)  into  Cu6  Sns  electrode  at  a  current  cor¬ 
responding  to  C/10  is  given  in  Fig.  3.  To  investigate  the  phase 
transitions,  the  compositional  morphology  and  chemical  con¬ 
tent  of  the  electrode  during  the  process  of  Li  intercalation  we 
interrupted  the  lithium  intercalation  process  at  various  poten¬ 
tials  (690  mV,  540  mV,  200  mV  and  10  mV). 

The  precise  XRD  investigations  on  phase  formation  of 
the  shown  above  examples  have  been  presented  and  will  be 
published  soon  [10]. 

In  Fig.  4(a),  the  SEM  morphology  of  the  electrode  sur¬ 
face  is  presented  and  right  next  to  it  is  a  photo  in  COMPO 
regime — EDAX  before  conducting  the  X-ray  microanalyzer 
quantitative  analysis.  Sample  9,  as  synthesis  2316  from 
Table  1  with  specific  surface  of  31.61  m2  g_1,  was  subjected 
to  this  type  of  investigations. 

The  analysis  displayed  that  as  result  of  the  lithium  inter¬ 
calation  up  to  690  mV — Fig.  4(a),  the  light  phase  is  enriched 
in  lithium  at  the  expense  of  a  decrease  of  the  tin  content  and 
preservation  of  the  copper  one.  The  implemented  quantitative 
determinations  lead  to  a  dark  phase  with  content  LiCmSns 
and  a  light  one  with  content  LiCuSn2. 


Fig.  3.  Voltage  profile  for  the  first  charge  of  Cu6Sn5(B)  electrode  (sample 
9,  synthesis  #2316,  Table  1)  during  lithiation. 

By  analyzing  with  the  same  technique  the  electrode  after 
lithium  intercalation  to  540  mV — Fig.  4(b),  it  was  estab¬ 
lished  that  lithium  preserved  its  concentration  equal  to  the 
one  in  the  preceding  richer  in  lithium  light  phase,  copper 
increased,  tin  decreased  a  bit  and  the  content  LiCu  i  f, 8112.2 
was  reached.  Here,  the  hypothesis  for  a  complete  transi¬ 
tion  of  the  initial  hexagonal  t|'  Cu^Sn^  phase  after  lithium 
intercalation  to  the  cubic  Li„CuvSnv  one,  i.e.  for  this  case 
to  the  homogeneous  LiCui.gSm^,  could  be  convincingly 
stated. 

Applying  this  methodology  to  the  next  experiment,  i.e. 
interruption  of  the  first  charge  and  the  process  of  lithiation 
at  200  mV  (Fig.  4(c)),  we  obtained  once  more  quantitative 
estimation  for  the  lack  of  change  in  lithium  absolute  concen¬ 
tration  in  the  electrode.  However,  tin  content  increases  many 
times  and  copper  content  decreases  drastically  and  two  com- 
positionally  different  phases  are  observed.  The  quantitative 
reports  showed  the  presence  of  the  phase  LiSn4  or  of  the 
LiCuo.3Sn3.7  one. 

In  case  of  interruption  of  the  first  charge  or  lithiation 
of  the  electrode,  prepared  from  C  111,8113  nanoparticles  to 
10  mV  (Fig.  4(d))  a  double  increase  by  absolute  value  of 
the  lithium  content  in  the  sample  was  observed.  Phase 
homogenization  of  the  electrode  was  again  estimated,  while 
there  was  increase  in  the  copper  content  and  decrease  of 
the  tin  one.  The  quantitative  estimations  lead  to  content 
LiCu0.65Sn1.05. 

The  presented  investigations  and  data  in  Fig.  4(b  and  d) 
are  very  similar  both  quantitatively  and  qualitatively.  But  in 
the  case  of  the  sample  from  Fig.  4(d)  the  lithium  content 
is  twice  bigger  and  the  copper  and  tin  content,  respectively, 
is  twice  smaller  from  the  one  of  the  electrode  presented  in 
Fig.  4(b). 

The  performed  electrochemical  tests  in  a  cycling  mode 
are  presented  in  Fig.  5.  Both  the  presented  here  results  and 
published  by  us  in  Refs.  [9,10]  and  by  other  authors  [5] 
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(d)  (d*) 


Fig.  4.  (a)  SEM  (x40,000)  and  (a*)  EDAX  image  of  l,iACuvSn-  elec¬ 
trode  after  lithiation  to  0.69  V,  experimentally  estimated  compositions  close 
to:  LiCu2Sn5,  LiCuSn2;  (b)  SEM  (x40,000)  and  (b*)  EDAX  image  of 
LiACuvSn-  electrode  after  lithiation  to  0.54V,  experimentally  estimated 
compositions  close  to:  LiCui  gSn2.2;  (c)  SEM  i x 40,000)  and  (c*)  EDAX 
image  of  LivCuvSnz  electrode  after  lithiation  to  0.2  V,  experimentally  esti¬ 
mated  compositions  close  to:  LiSn4  (more  precisely  LiCuo.3Sn3.7);  (d)  SEM 
(x  40,000)  and  (d  )  EDAX  image  of  Lij-CuvSn-  electrode  after  lithiation  to 
0.01  V,  experimentally  estimated  compositions  close  to:  LiCuo.65Sni  05. 
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Fig.  5.  Capacity  vs.  cycle  number  plots  for  Li^CueSnsCB)  cells  for  voltage 
range  1.3-0.01  V,  at  a  current  corresponding  to  C/10. 


similar  ones  show  unambiguously  the  good  cycleability  of 
the  nanosize  materials  [4] . 


4.  Discussion 

Developing  the  synthesis  and  applications  of  nanosize 
materials  the  researchers  more  and  more  frequently  have  to 
look  for  non-traditional  decisions  to  create  new  devices.  Nev¬ 
ertheless,  very  often  the  predominant  explanations  are  well 
forgotten  and  nonetheless  well  known  from  long  ago  theo¬ 
retical  postulates  and  dependencies  [11], 

Depending  on  their  positions  the  atoms  are  differently 
bound  to  the  crystal  surface.  Thus,  an  atom  adsorbed  on  the 
crystal  surface  is  bound  by  one  bond  to  the  crystal  and  has  five 
unsaturated  dangling  bonds.  On  the  contrary,  an  atom  incor¬ 
porated  into  the  face  has  five  of  its  bonds  saturated  and  one 
unsaturated.  The  only  exception  is  the  atom  in  kink-position. 
As  is  seen  an  atom  in  this  position  is  bound  to  a  half-atomic 
row,  half-crystal  plane  and  half-crystal  block.  By  repetitive 
attachment  or  detachment  of  atoms  to  and  from  this  position 
the  whole  crystal  can  be  built  up  or  disintegrated  into  single 
atoms  [11]. 

The  work  cpi/2  necessary  to  detach  an  atom  from  a  half¬ 
crystal  position  depends  on  the  symmetry  of  the  crystal  lattice 
-  the  number  of  the  first,  second  and  third  neighbors  of  an 
atom  in  a  half-crystal  position  and  their  wave  electron  func¬ 
tions:  i/fi ,  i/f3,  respectively. 

Thus  from  a  Kossel’  theory  for  metal  crystal  follows  [11]: 


(hep)  hexagonal  closed  packed  —  ^1/2  =  6i/fi  +  3i/f2  +  1  r/r3 

(/cc)  face-centered  cubic  -  ^1/2  =  6i/o  +  3\//2  +  12i/r3 

It  is  clear  that  transition  from  a  hexagonal  lattice  to  a 
face-centered  cubic  one  could  be  conducted  without  vol¬ 
ume  changes  into  or  by  destruction  of  the  metal  lattice.  Its 
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stability  is  based  primarily  on  the  first  and  second  neigh¬ 
boring  atoms.  Thus,  only  by  change  in  the  number  of  the 
third  neighboring  atoms  at  charge — lithium  intercalation  and 
discharge — via  decrease  in  the  number  of  the  third  neighbor¬ 
ing  atoms,  reversible  change  transitions  can  be  conducted. 
At  discharge  the  number  of  the  third  (lithium)  atoms  should 
be  decreased  and  the  hexagonal  closed  pack  has  to  be  recon¬ 
structed. 

Equality  in  the  number  of  the  first  and  second  neighbor¬ 
ing  atoms  is  observed  only  for  these  two  symmetric  classes. 
It  is  reasonable  to  discuss  the  use  of  impulse  modes  of 
charge/discharge  and  for  this  working  system  such  announce¬ 
ments  have  already  started  to  appear. 

Using  nanosize  materials,  which  obviously  do  not  have 
diffusion  limitations,  we  have  to  carefully  select  the  modes 
of  lithium  intercalation,  to  achieve  maximum  precision  in  the 
intermetallic  compositions  content  and  to  obtain  a  technolog¬ 
ical  product  with  high  capacity  and  exceptional  cycleability 
by  means  of  elementary  technological  equipment,  operating 
at  room  temperature  and  atmospheric  pressure. 
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